Abstract: This paper presents the improvement in performance of S-shaped diffuser with rectangular inlet having aspect ratio 2 & rectangular outlet having area ratio
NOMENCLATURE:
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I. Introduction
A diffuser is a fluid mechanical device which recovers the pressure energy from the flowing fluid at the expense of its kinetic energy. Diffusers are of many types namely axial, radial and curved depending on the geometry and find very common use in turbo-machinery applications. The wide popularity of curved diffusers in the field of aircraft applications is due to space restrictions and design compatibility. Study of flow parameters within these ducts has been of fundamental interest to researchers in the area of fluid mechanics right from the start of 21 st century. Eustine [1] first investigated the nature of flow within the curved ducts and from there on, the continuous, committed and collective efforts of researchers have helped in the understanding of the fluid mechanics within these ducts.
S-shaped diffuser is one of the popular types of curved diffuser. The flow in these diffusers is complicated due to the inflexion in the curvature along the direction of flow, resulting very strong pressure driven stream wise vortices. Many researches have been carried out so far on S-shaped diffuser dealing with issues like effect of different inlet conditions, effect of angle of attack, effect of area ratio, effect of aspect ratio, effect of different inlet and outlet cross-section geometries, effect of angle of turn and many more on pressure recovery and non-uniformity of flow through it. In recent research works related to curved diffusers, Majumdar et. al. [2] [3] [4] has made detailed measurements on S-shaped rectangular duct having an area ratio 2 with inlet aspect ratio 6. Anand et al. [5, 6] [7] has developed an optimization theory for 3-D subsonic S-duct to reduce total pressure distortion and sustain total pressure recovery. Lefantzi and Knight [8] have also developed an automated design optimization process for Sduct taking constraints like airframe weight, space, and line-of-sight blockage of the engine face into account. Apart this, many researchers have significantly contributed in the area of performance-improvement of S-duct by secondary flow control. Reichert and Wendt [9] used fin-type vortex generators for secondary flow control and found considerable improvement in various flow parameters of the duct. Pradeep and Sullerey [10] used vortex generator jets for the above purpose and found 20% decrease in total pressure loss and flow distortion coefficient in the diffuser. Singh et. al. [11] did some parametric study used for secondary flow control by imparting momentum to the retarding fluid using rotating cylinder at the inflexion plane. The present research also concentrates towards improving the performance of the diffuser using momentum imparting technique adopted by Singh et. al. [11] . But the inlet flow velocity and range of rotational speed of cylinder are different. Apart this, the present paper also shows the effect of rotating cylinder on the uniformity of exit flow through diffuser which indeed is one of the basic flow requirement to the compressor of the fighter aircraft along with pressure rise. Hence the present paper gives a much better ground to judge the merit of momentum imparting technique in context of secondary flow control in curved diffusers.
II. Geometrical Description And Computational Fluid Dynamics Analysis Of S-Shaped Diffuser
Geometrical parameters
In present research work, the S-shaped diffuser examined is having rectangular inlet with aspect ratio 2 and rectangular outlet cross-section with area ratio 2 having downstream settling length of 0.5B which is provided to allow the flow to get settle down after second curvature or bend. The schematic layout S-shaped diffuser is shown in Figure ( Its radius of curvature is 1.91B and centerline length is 6.0B. Its inlet cross-section is rectangular with 0.5B depth and 1.0B width. Here B is the outlet width of rectangular cross-section whose value is 100mm, obtained taking area ratio 2. Firstly, offset is given to the duct in the horizontal plane in the form of 90 o turn in both upper and lower limbs. After that, a single cylinder having 0.3B diameter is placed across the width of the diffuser at inflexion plane. Approximately, 115 o sector of cylinder is in touch with the flow inside the duct [11] .
Description of geometric model generation and computational tools used
The geometric model has been created in CATIA V5R17 [12] modeling software with dimensions described in para. 2.1. S-duct has been made by using surfacing technique with the help of multi sections solid command. This shape verifies the continuity well and best fitted the curved geometries. Special care has been taken for the regions where higher gradients in field variable had been observed. The software HYPERMESH V8 [13] has been used for the meshing of the duct. Five boundary layers with the thickness of first layer as 0.5mm and a growth rate of 1.2 afterwards have been adopted. A commercially available CFD code "FLUENT 6.3" [14] has been used for the analysis of flow through this diffuser. The governing equations [15] for mean flow in reduced form for steady incompressible flows are:
These equations are of the same general form as the original equations except for some additional terms which are the Reynolds stresses. These need to be modelled for closure solution. In this research, standard k-ε model with boundary conditions prescribed in table (1) has been adopted for this purpose. To calculate the Reynolds stresses with the standard k-ε model, an extended Boussinesq relationship is used as follows:
where k is the turbulent kinetic energy, δ ij is the Kronecker delta and μ t is the eddy viscosity. μ t is calculated as follows:
………………. (4)
The additional equations for k and ε for steady incompressible flow in simplified form are:
…... (5) … (6)
G k represents the production of turbulent kinetic energy and is evaluated as: ……………………….. (7) where S is the modules of mean rate of strain tensor defined as:
…………………….. (8)
Here mean strain rate S ij given by:
…………………. (9)
The dilatation dissipation term (Y M ) has been neglected for incompressible flow. The value of the empirical constants used are C 1ε = 1.44, C 2ε = 1.92, C μ = 0.09, ζ k = 1.0 and ζ ε = 1.33. These values have been found to work reasonably well for a wide range of wall bounded and free shear flows.
Flow simulations in FLUENT were carried out adopting a cell centred finite volume approach to solve the Partial Differential Equation using segregated solver. An implicit solution scheme in conjunction with an algebraic multi-grid (AMG) method was used for faster convergence. The second-order upwind scheme was used in the discretization scheme for all equations to achieve higher accuracy. Coupling between velocity and pressure was established by pressure velocity correlation using SIMPLE algorithm. Under relaxation factors were used for all equations to satisfy the Scarborough condition for convergence of the solutions and also avoiding the divergence in the solutions. Convergence of the solution was assumed when sum of normalized residual for each conservation equation was less than or equal to 10 -6 . The residuals for different equations are given as:
………… (10) where, is the sum of the absolute residuals for a dependent variable ф for the n th iteration and S Nф the corresponding normalizing factor.
Performance parameters
The important performance evaluation parameters are: a.) Coefficient of static pressure gain: It represents the extent by which kinetic energy has been converted into pressure energy due to diffusing action at any location (as x).
C )/ (n*U avg ) Here "summation sign" includes all the grid point in the outlet plane and "n" is its numerical value.
Convergence Criteria and Validation of CFD Code
The model and boundary conditions shown in Table 1 have been validated with the experimental values obtained by Anand et al. [5] which are in good agreement. Table 2 shows comparison of experimental and computational values of C pse & C pte for three Reynolds numbers. It was shown by Gopaliya et al. [16] in the study of combined offset effect using the same diffuser that among two very popular turbulent models i. e. Standard k-ε model and Standard k-ω model, later gives higher deviations from experimental data during flow analysis through the duct. This is due to the fact that the k-ω turbulent model produces best results for low Reynolds number flows; however the Reynolds numbers involve in present study are very high. Thus standard k-ε turbulence model has been chosen in the present. The details regarding wall pressure distribution, location of separation & concentration of secondary flow throughout the diffuser have not been presented in here. However, during validation process these aspects were kept in mind and therefore the meshing intensity close to the walls were increased to resolve the lower sub-layer (y+) values and also by doing additional grid independency tests in the core regions throughout second limb where velocity gradients were steeper. The deviations have not been resolved completely, which may be attributed to the fact that the flow is highly 3D and the uncertainty in the experimental values which may largely be due to the use of 3 hole probe which can only measure 2-dimensional plane velocity. The second reason could be that the k-ε turbulence model has its limitation in resolving the flow in the region having sharp variations in velocity gradient. S-shaped diffuser with rectangular outlet used in present research work is same as Anand et al. [5] . Hence, the above discussed validation work is sufficient for present research. 
Performance Improvement of S-shaped Diffuser Using Momentum Imparting Technique
III. Results and discussions
In the present research, effect of momentum imparting on different performance characteristics of Sshaped diffuser has been studied. For this, the cylinder placed across the width of the S-shaped diffuser at inflexion plane is rotated at different speed ranges from 1500 rad/s to 4000 rad/s. This rotation imparts momentum to the retarding flow and helps in controlling secondary flow in the flow at inflexion plane and further.
In the present research work, analysis has been performed for three Reynolds numbers viz. 
Grid independency check
Grid (Mesh) independency check is the foremost important and necessary step while doing analysis of any CFD problem using software or code because of the great dependency of solution on the fineness of meshing. Mesh (3) as in Table ( 3) has been chosen as final meshing, since CFD outcome has become fairly constant beyond this grid density. In present research, efforts have been made to create geometric model using CATIA V5R17 [12] modeling software which is much advanced modeling tool as compared to commonly used modeling tools in CFD such as GAMBIT. Apart this, HYPERMESH V8 [13] has been used for the meshing of the duct with tetrahedral shaped elements. This has helped in reducing the total number of elements required to get optimum accuracy during validation.
Effect of momentum imparting on coefficient of static pressure gain (C ps ) along centre line
Momentum imparting at inflexion plane due to rotation of cylinder results in improvement in pressure recovery beyond inflexion plane. Increase in rotational speed till 3000 rad/s enhances the pressure recovery at all locations beyond inflexion point by providing much needed energy support to the retarding fluid layers. Further increase in rotational speed results in decrease in pressure recovery beyond 90 o /60 o location. This is due to excessive intermixing of fluid layers at inflexion plane beyond 3000 rad/s which reaches down the flow line near outlet. This results in local increase in secondary flow at all locations beyond inflexion plane. Figure ( 3.4. Effect of momentum imparting on uniformity of flow at outlet S-shaped diffusers are the member of curved diffusers family which find wide utility in fighter aeroplanes, aircraft etc., where flow non-uniformity needs greater concern and to be kept within limit for satisfactory performance. Effect of non-uniformity is represented by percentage secondary flow at outlet of the diffuser. Imparting of momentum with the help of rotating cylinder at inflexion plane results in 1.5% to 2% improvement in uniformity of flow till 3000rad/s. Beyond this speed, imparted momentum deteriorate the uniformity of flow which is due the increased localized intermixing after inflexion plane due to higher rotation speed. This argument is well supported by the fact that pressure recovery also drops beyond this point. (6) shows non-dimensionalized secondary flow contours at the exit of the diffuser with different rotational speed. With the analysis of these contours, it can be concluded that secondary flow contours at diffuser exit progressively become more uniform with induction of momentum due to cylinder rotation. This continues quite fairly till 3000 rad/s beyond which contours start distorting. This is in accordance with the variation in the value of non-uniformity index mentioned above and hence supports the argument. 
IV. Conclusions
In the present research, effect of momentum imparting on different performance characteristics of Sshaped diffuser has been studied. The momentum is imparted by placing a rotating cylinder across the width of the S-shaped diffuser at inflexion plane. The rotational speed of the cylinder is varied from 1500 rad/s to 4000 rad/s. Imparted momentum energises the retarding flow and helps in controlling secondary flow beyond inflexion plane. The following conclusions have been drawn from the present study:
i.
Momentum imparting results in increase in coefficient of static pressure gain at exit (C pse ) through the S-shaped diffusers. Its value increases from 54.97% for diffuser without cylinder to 85.54% for diffuser with cylinder rotating at 3000rad/s. Beyond this speed, its value starts decreasing. ii.
Non-uniformity decreases from 7.72% for diffuser without cylinder by 1.5 to 2% till 3000rad/s. Any further increase in rotation speed results in steep rise in non-uniformity in flow at diffuser exit. iii.
Non-dimensional secondary flow velocity contours progressively become more uniform with increase rotational speed of cylinder till 3000rad/s. Distortion of contours starts with any further increase in rotational speed beyond 3000rad/s. iv.
The optimum speed of cylinder rotation in present case is come out to be 3000rad/s. At this speed, coefficient of static pressure gain at exit (C pse ) is 85.54% with 6.06% of flow non-uniformity at diffuser exit. The improved pressure recovery of diffuser due to momentum imparting technique is also accompanied with increased power requirement of the fighter aircraft on account of rotating cylinder. Hence the overall improvement in the functioning of fighter aircraft due to momentum imparting technique at diffuser can only be judged by assessing the net gain in the power consumption of the aircraft due to these two opposite aspects.
